B3 transcription factors constitute a large plant-specific protein superfamily, which plays a central role in plant life. Family members are characterized by the presence of B3 DNA-binding domains (DBDs). To date, only a few B3 DBDs were structurally characterized; therefore, the DNA recognition mechanism of other family members remains to be elucidated. Here, we analyze DNA recognition mechanism of two structurally uncharacterized B3 transcription factors, ABI3 and NGA1. Guided by the structure of the DNA-bound B3 domain of Arabidopsis transcriptional repressor VAL1, we have performed mutational analysis of the ABI3 B3 domain. We demonstrate that both VAL1-B3 and ABI3-B3 recognize the Sph/RY DNA sequence 5 0 -TGCATG-3 0 via a conserved set of base-specific contacts. We have also solved a 1.8
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A apo-structure of NGA1-B3, DBD of Arabidopsis transcription factor NGA1. We show that NGA1-B3, like the structurally related RAV1-B3 domain, is specific for the 5 0 -CACCTG-3 0 DNA sequence, albeit tolerates single base pair substitutions at the 5 0 -terminal half of the recognition site. Employing distance-dependent fluorophore quenching, we show that NGA1-B3 binds the asymmetric recognition site in a defined orientation, with the 'N-arm' and 'C-arm' structural elements interacting with the 5 0 -and 3 0 -terminal nucleotides of the 5 0 -CACCTG-3 0 sequence, respectively. Mutational analysis guided by the model of DNAbound NGA1-B3 helped us identify NGA1-B3 residues involved in basespecific and DNA backbone contacts, providing new insights into the mechanism of DNA recognition by plant B3 domains of RAV and REM families.
Introduction
B3 transcription factors (B3 TFs) constitute a large plant-specific protein superfamily (~10% of all TFs in the flowering plants), which plays a central role in plant life. Family members contain one or several B3 DNA-binding domains (DBDs), each comprised of~100 aa residues. The B3 superfamily is divided into four families: ARF, LAV, RAV and REM [1, 2] . To date, the best mechanistically understood group is ARF (AUXIN RESPONSE FACTOR) family with more than 20 members in Arabidopsis thaliana [3] . It was shown that ARF B3 domains specifically interact Abbreviations ABI3-B3, B3 domain of ABI3; DBD, DNA-binding domain; EMSA, electrophoretic mobility shift assay; MES, 2-(N-morpholino)ethanesulfonic acid; NGA1-B3, B3 domain of NGA1; TF, transcription factor; VAL1-B3, B3 domain of VAL1.
with a range of 5 0 -NNGACA-3 0 hexanucleotides [4] , with 5 0 -GAGACA-3 0 being the 'canonical' auxin response element (AuxRE) [5] . Crystal structures of ARF1, ARF5 and DNA-bound ARF1 are solved providing the mechanistic basis for DNA target specificity in auxin response [4] .
The LAV or LEC2/ABI3-VAL ([LEAFY COTYLE-DON 2]/[ABSCISIC ACID INSENSITIVE 3] -[VP1/ ABI3-LIKE]) family is comprised of LEC2/ABI3 and VAL subfamilies. Arabidopsis thaliana LEC2/ABI3 proteins LEC2, FUS3 and ABI3 (an ortholog of maize VP1), and VAL proteins (VAL 1, 2, 3, or HSI2, HSL1 and HSL2) play an important role in various stages of plant development, from embryogenesis to seed dormancy and vernalization [1] . VP1, ABI3, VAL1, VAL2 and FUS3 specifically bind to the consensus ABI3-VP1 recognition sequence (Sph/RY element) 5 0 -TGCATG-3 0 [6] [7] [8] [9] [10] . The structure of VAL1 B3 domain bound to Sph/RY DNA was recently solved [11] .
The RAV family (RELATED to ABI3/VP1) proteins participate in leaf maturation and flowering. Thirteen family members are present in A. thaliana, including RAV1-RAV2, TEM1-TEM2 and NGA1-NGA4 [2] . The RAV1 B3 domain specifically binds DNA sequence 5 0 -CACCTG-3 0 [12] , and its apo-structure was solved by NMR [13] .
The largest (more than 70 members in A. thaliana) and the least studied is the REM (REPRODUCTIVE MERISTEM) family [2] . The best known member is VRN1, which plays a role in vernalization. The apostructure of VRN1 B3 domain was solved by X-ray crystallograpy, and nonspecific DNA-binding demonstrated in vitro [14] . An NMR structure of B3 domain of At1g16640 protein is also available, but DNA binding for this protein was not demonstrated [15] .
Structurally similar DBDs are also found in some bacterial restriction endonucleases, for example, EcoRII [16] , UbaLAI [17] , BfiI [18] and NgoAVII [19] . Despite low sequence similarity and considerable differences in size, bacterial B3-like domains and plant B3 domains from ARF1 and VAL1 proteins employ a conserved wrench-like DNA-binding surface to bind DNA from the major groove side, and make base-specific contacts via structural elements dubbed N-arm and C-arm [18] .
Here, we analyze DNA-binding determinants of B3 domains of ABI3 and NGA1, two structurally uncharacterized Arabidopsis transcription factors. ABI3 functions in the regulation of abscisic acid-responsive genes during seed development [2, 20] . It contains a LAV family B3 domain (ABI3-B3), which, like VAL1-B3, is specific for the Sph/RY element [8] . We confirm by mutational analysis that both VAL1-B3 and ABI3-B3 recognize the Sph/RY sequence via a conserved set of base-specific and DNA backbone contacts. NGA1 (NGATHA1), which promotes a general differentiation program in plants [21] , contains a RAV family B3 domain (NGA1-B3). Here, we present an apo-structure of NGA1-B3 and demonstrate its specificity for the canonical RAV family recognition sequence 5 0 -CACCTG-3 0 . Furthermore, we determine the orientation of NGA1-B3 on its asymmetric recognition site, and, guided by a homology model of DNA-bound NGA1-B3, test the roles of putative DNA recognition residues. Comparison of base-specific and DNA backbone contacts made by ARF1-B3, VAL1-B3/ABI3-B3 and NGA1-B3 provides new insights into the DNA recognition mechanism of plant B3 domains, including members of the least studied REM family.
Results

Structure of the NGA1-B3 domain
In the present study, we focus on the DNA recognition mechanism of ABI3-B3, which recognizes the Sph/RY sequence and shares significant sequence similarity with VAL1-B3, and NGA1-B3, which is similar to RAV1-B3 DBD specific for the DNA sequence 5 0 -CACCTG-3 0 (Fig. 1A) . We have solved the apo-structure of NGA1 B3 DBD (NGA1-B3) at 1.8 A resolution (data collection and refinement statistics are summarized in Table 1 ). The asymmetric unit contains two almost identical protein molecules (R.m.s.d. < 0. 35 A over 90 Ca atoms), with larger deviations observed only at the Ctermini. NGA1-B3 is composed of seven b strands making a pseudobarrel decorated by three a helices (Fig. 1A,B) . The overall fold of the domain belongs to SCOP double-split b-barrel fold, DNA-binding pseudobarrel domain superfamily [22] . The structure of the NGA1-B3 domain is most similar to the B3 recognition domains of plant transcription factors VAL1 (PDB ID 6FAS, DALI Z-score 16.8), ARF5 (1LDU, DALI Z-score 15.1), ARF1 (4LDX, 14.6), RAV1 (1WID, 14.2, Fig. 1A ), At1g16640 (1YEL, 10.7) and VRN1 (4I1K, 10.7), and to B3-like domains of bacterial restriction endonucleases, including BfiI (3ZI5, 8.6) and EcoRII (3HQF, 7.8). Like ARF1-B3 and VAL1-B3, NGA1 contains a wrench-like surface capable of DNA binding from the major groove side, with the N-arm and C-arm structural elements well positioned to provide base-specific contacts (Fig. 1C) . A similar mechanism for DNA recognition was also proposed for RAV1-B3 [23] .
DNA binding specificity of ABI3-B3 and NGA1-B3
Site-specific interactions of LAV family B3 DBDs in vitro were previously investigated using electrophoretic mobility shift assay (EMSA) [6, 11, 24, 25] , surface plasmon resonance and ELISA [8] . Here, we have tested DNA binding of Arabidopsis ABI3-B3 by EMSA using the 12 bp oligoduplex 12/12LAV as a cognate DNA and the 12/12RAV as non-cognate DNA. Under standard EMSA conditions (pH 8.3 Tris-acetate buffer), the wt ABI3-B3 protein containing an N-terminal hexahistidine tag forms a highmobility complex with cognate DNA, and low-mobility complexes with both cognate and noncognate DNAs (Fig. 2A) . We presume that the mobile band is the specific ABI3-B3-DNA complex, with a single protein molecule bound to the specific sequence at the center of the 12/12LAV oligoduplex, and the low-mobility band observed with both DNAs is a nonspecific complex. Surprisingly, we find that wt ABI3-B3 variant lacking a hexahistidine tag (the tag removal is described in Experimental Procedures) forms considerably less nonspecific complex (Fig. 2A) ; in order to reduce the effect of the nonspecific ABI3-B3 binding on EMSA data interpretation, all further experiments were performed with samples of ABI3-B3 proteins containing no tags.
To confirm the specific binding of ABI3-B3 to DNA containing an Sph/RY element, we have performed an EMSA competition experiment. ABI3-B3 was either incubated with radiolabeled cognate 12/12LAV DNA alone, or the samples were supplemented with increasing amounts of unlabeled competitor DNA, either the cognate duplex 12/12LAV, or the non-cognate duplex 12/ 12RAV (Fig. 2B ). Quantitative analysis of the dependence of the amount of the labeled specific complex as a function of unlabeled competitor concentration (described in Experimental Procedures and ref. [11] ) gave the dissociation constants K D (competitor) for the unlabeled DNAÁprotein interactions. The K D (competitor) value in the case of cognate unlabeled DNA (2.3 AE 0.4 lM) is significantly lower than the K D (competitor) for the non-cognate competitor (11 AE 2 lM, Fig. 2B ), confirming the specificity of ABI3-B3 for the DNA containing an Sph/RY sequence. RAV family protein RAV1-B3 specifically binds the cognate sequence 5 0 -CACCTG-3 0 , as demonstrated by EMSA experiments [12] , but no in vitro data is available for NGA1 and other RAV family DBDs. We find that the binding patterns of NGA1-B3 with the presumed cognate (12/12RAV) and non-cognate (12/12LAV) DNAs under standard EMSA conditions are different, but the specific and the nonspecific complexes are not clearly separated (Fig. 2C) . Auspiciously, much better discrimination between the presumed cognate and non-cognate DNAs is observed in a standard pH 8.3 buffer supplemented with 5 mM calcium acetate (Fig. 2C) . The mechanism by which Ca 2+ ions interfere with formation of the mobile nonspecific NGA1-B3 complex remains unknown; we find that it is not a simple effect of increased ionic strength, as an equivalent increase in ionic strength by addition of sodium acetate had no effect on NGA1-B3 binding (data not shown). As with ABI3-B3, we have found that removal of the hexahistidine tag reduced the amount of low-mobility nonspecific complex; therefore, all further experiments were performed using samples of NGA1-B3 proteins containing no tags. As with ABI3-B3, the specificity of NGA1-B3 for the canonical RAV1 recognition sequence was confirmed by an EMSA competition experiment (Fig. 2D) . As might be expected, we find that K D (competitor) value in the case of cognate unlabeled 12/12RAV competitor (2.3 AE 0.4 lM) is approx. 20-fold lower than K D (competitor) determined for non-cognate 12/12LAV DNA (45 AE 15 lM, Fig. 2D ).
We note that the stability of specific complexes observed with both ABI3-B3 and NGA1-B3 is low, as complexes are observed only with micromolar DNA and protein concentrations, and the determined values for dissociation constants with cognate DNAs are in the micromolar range. Though unsuitable for precise quantification of DNA-binding affinities, EMSA experiments allowed us to evaluate the ability of ABI3-B3 and NGA1-B3 to bind the canonical and altered DNA recognition sequences, and to test the effect of protein point mutations on sequence-specific binding.
Stringency of sequence recognition by ABI3-B3 and NGA1-B3
To probe the stringency of DNA recognition by the ABI3-B3 and NGA1-B3 domains, we have performed EMSA experiments with oligoduplexes containing substitutions within or adjacent to the canonical Sph/RY and RAV recognition sequences, respectively (20 variants of 12/12LAV DNA were tested with ABI3-B3, and 21 variant of 12/12RAV DNA with NGA1-B3, Table S1 ).
We find that almost all single base pair deviations from the canonical Sph/RY sequence 5 0 -TGCATG-3 0 abolish formation of the specific complex by ABI3-B3. The only exception is the oligoduplex carrying a T:A to C:G replacement at the first position of the Sph/RY element (sequence 5 0 -CGCATG-3 0 ), which forms a low amount of the specific (high-mobility) complex (Fig. 3A) .
As with ABI3-B3, most substitutions within the RAV1 recognition sequence 5 0 -CACCTG-3 0 abolished formation of the specific complex by NGA1-B3, albeit under our experimental conditions NGA1-B3 formed a significant amount of the specific complex with DNA oligoduplexes 5 0 -TACCTG-3 0 , 5 0 -AACCTG-3 0 , 5 0 -CCCCTG-3 0 , and a lower amount with some other DNA variants, implying that NGA1-B3 tolerates certain substitutions at the 5 0 -terminal halve of the recognition site (Fig. 3B) . Base substitutions at positions adjacent to the recognition sites had no effect on specific complex formation by ABI3-B3 and NGA1-B3 (Fig. 3A,B) , indicating that ABI3-B3 and NGA1-B3 are specific (with significant tolerance for single bp substitutions in the case of NGA1-B3) for the Sph/RY (5 0 -TGCATG-3 0 ) and RAV1 (5 0 -CACCTG-3 0 ) sequences, respectively.
Orientation of NGA1-B3 on cognate DNA
All plant B3 and bacterial B3-like DBDs characterized to date recognize asymmetric DNA sequences and bind these sites in one defined orientation [4, [16] [17] [18] [19] .
The orientation of ABI3-B3 on the Sph/RY sequence 5 0 -TGCATG-3 0 must be identical to orientation of the closely related VAL1-B3 domain (N-arm and C-arm residues interact with the 5 0 -and 3 0 -termini of the 5 0 -TGCATG-3 0 sequence, respectively) [11] . On the other hand, orientation of NGA1-B3 and the related domain RAV1-B3 on the 5 0 -CACCTG-3 0 recognition sequence (the non-palindromic part of the sequence is underlined), due to the lack of relevant cocrystal structures, remains unknown. To determine the NGA1-B3 binding orientation, we have employed experimental setup based on the distance-dependent fluorophore quenching (Fig. 4A) . First, we have removed the sole cysteine from wt NGA1-B3 (mutation C123S), and based on a simple model of DNA-bound NGA1-B3 (an overlay of apo-NGA1-B3 structure on the structure of DNA-bound ARF1-B3 with an extended DNA fragment), introduced single cysteines on the opposite faces of the protein, thereby generating NGA1-B3 variants C123S-K108C and C123S-R59C. The engineered cysteines were labeled with a maleimide derivative of Alexa Fluor 488, and the fluorescence of the resultant protein C123S-K108C (the C123S-R59C derivative precipitated upon labeling and could not be purified) was measured in the presence of unmodified cognate 18/18SP DNA, or modified DNA bearing BHQ-2 quenchers on 5 0 -or 3 0 -termini of either the top or the bottom DNA strands. The length of DNA oligoduplexes (18 bp) was selected such that it prevents direct interaction between the DNA-attached quencher and the protein-attached fluorophore, and also ensures that the distances between the quencher and the fluorescent label in two binding orientations are sufficiently different to provide detectable changes in the quenching efficiency (Fig. 4A) . Fluorescence of the labeled NGA1-B3 was efficiently quenched by 3 0 -BHQ-2_DNA1 and 5 0 -BHQ-2_DNA2, and less efficiently by 3 0 -BHQ-2_DNA2 and 5 0 -BHQ-2_DNA1 (Fig. 4B, bar graphs) . This supports the model in which NGA1-B3 binds DNA in the orientation where N-arm contacts the 5 0 -terminus of the 5 0 -CACCTG-3 0 sequence, and C-arm contacts the 3 0 -terminus (Fig. 4B) . We have also validated this experimental approach by performing a similar set of measurements with Alexa Fluor 488-labeled ABI3-B3 variants C663S-T596C and C663S-T646C and DNA oligoduplexes 5 0 -BHQ-2 and 3 0 -BHQ-2 ( Fig. 4C ). As expected, fluorescence measurements confirmed that ABI3-B3 binds the Sph/RY DNA sequence in the same orientation as VAL1-B3.
Model of DNA-bound ABI3-B3
ABI3-B3 shares significant sequence similarity (36% identical, 54% similar residues) with the structurally characterized VAL1-B3, including almost full conservation of residues responsible for base-specific and DNA backbone contacts (Fig. 1A) . This allowed us to build a reliable homology model of DNA-bound ABI3-B3. The resultant model was primarily used for visualization of ABI3-B3 contacts (Figs 5A and 6A), as most amino acid residues for mutational analysis could be selected based on the VAL1-B3/ABI3-B3 sequence alignment (Fig. 5A, top) . The most prominent differences between VAL1-B3 and ABI3-B3 DNA-binding surfaces exposed by the model are VAL1 R306 (in ABI3-B3 replaced by N583, no direct backbone contact possible), VAL1 Q345 (R623 in ABI3-B3, may form a backbone contact) and VAL1 S327 (R604 in ABI3-B3, enables direct backbone contacts). We find that alanine replacement of conserved ABI3 residues implicated in direct base-specific contacts V588, W627, N629 and M634 (Fig. 5A , equivalent to VAL1 residues V311, W349, N351 and M356) abolished formation of the cognate complex (Fig. 5B) . Similar to VAL-B3 [11] , alanine replacement of L584 [equivalent to VAL1 I307, a van der Walls (vdW) contact to T1:A6 thymine] and N630 (equivalent to VAL1 N352, a water-mediated contact to C1:G6 guanine), did not eliminate the cognate complex, albeit the N630A mutation reduced its amount (Fig. 5B) . The only discrepancy between ABI3-B3 and VAL1-B3 was observed for the R586 position (equivalent to VAL1 R309, H-bonds to G2: C5 guanine), as in contrast to VAL1-B3 R309A variant [11] , ABI3-B3 R586A mutant retained specific DNA binding (Fig. 5B) .
Alanine replacements were also made at several ABI3-B3 positions implicated in direct contacts to DNA phosphates (Fig. 6A) . Most of these mutations also reduced the amount of the specific complex (Fig. 6B) .
Model of DNA-bound NGA1-B3
Despite the fact that ARF1-B3 and VAL1-B3 use equivalent DNA-binding surfaces, the DNA orientation relative to the proteins is slightly different (an overlay in Fig. 1B NGA1-B3 may differ from both ARF1-B3 and VAL1-B3. Nevertheless, we have built an approximate model of DNA-bound NGA1-B3 and attempted to validate the roles of putative NGA1 DNA-contacting residues by site-specific mutagenesis. Based on modeling (performed as described in Experimental procedures), we have identified three groups of NGA1-B3 residues that may form DNA contacts: (1) N-arm residues L47, V51 and R49, and C-arm residue W91, which are conserved in VAL1/ABI3-B3 and all (except for V51) are within H-bonding or vdW distances from DNA bases (Fig. 5A) ; (2) N-arm residue N48 and C-arm residues (N92, S93, S94, Q95 and S96), which, depending on the Narm and C-arm conformation and exact DNA position, may form water-mediated contacts or direct contacts to DNA bases (Fig. 5A) ; (3) positively charged and uncharged residues K39, T40, S42, K46, K54, R87, S93 (S93 also belongs to the '2nd' group), K101 and S104 that may form direct contacts to DNA phosphates (Fig. 6A) .
To probe the role of these residues in DNA binding, we have replaced all the '1st' and the '2nd' group residues, and a subset of the '3rd' group residues by alanines, and tested the ability of mutant NGA1-B3 domains to form specific complexes ( Figs 5C and 6C) .
We find that NGA1-B3 mutations R49A and V51A (the '1st' group) abolish formation of the specific complex; in contrast, the '1st' group mutants L47A and W91A retain the specific DNA-binding ability (Fig. 5C) . The '2nd' group mutations S94A and S96A also abolish formation of the specific complex, but N92, S93 and Q95 have no effect (Figs 5C and 6C) . Interestingly, mutations L47A ('1st' group) and N48A ('2nd' group) apparently relax sequence recognition of NGA1-B3, as these mutants, unlike the wt variant, form a specific-like (high-mobility) complex with the 'nonspecific' 12/12LAV DNA (Fig. 5C) . . The cartoon at the top schematically depicts DNA recognition by the N-arm and C-arm structural elements and numbering of DNA bases in both strands. Alignments of the N-arm and C-arm residues from B3 domains are shown at the top; N-arm and C-arm residues implicated in direct base readout are shaded green and orange, respectively. The same coloring scheme is applied to NGA1 residues that are conserved in other B3 domains. NGA1 residues that could potentially make direct contacts to bases based on modeling are on pink background. NGA1-B3 positions where alanine replacements either abolish formation of the specific complex, or reduce target recognition stringency are marked by red and magenta boxes, respectively. Individual panels show contacts made by the N-arm (green) and the C-arm (orange) residues to six base pairs of the respective recognition sequences. Asterisks denote residues that make contacts to multiple base pairs. In the case of NGA1-B3, the contacts are shown only for residues that are conserved in VAL1/ABI3. (B) DNA binding by ABI3-B3 mutants. DNA was either nonspecific (12/12RAV), or specific (12/12LAV), experimental conditions were as in Fig. 3A . Positions of free DNA, specific complex and nonspecific complex are marked by blue, red and yellow brackets, respectively, and the numbers indicate % amount of the respective DNA forms in the highest protein concentration lane. *This gel is also shown in Fig. 3A. (C) DNA binding by NGA1-B3 mutants. DNA was either nonspecific (12/12LAV), or specific (12/12RAV), experimental conditions were as in Fig. 3B . Fig. 5 ). Phosphates that make contacts to B3 domains are shown as orange spheres, protein residues making direct contacts to the phosphates are shown in stick representation. Contacts to the phosphates of the 'blue' and 'gray' strands are shown separately on each side of the electrostatic potential surface. In all panels, N-arm residues are green, C-arm residues are orange, residues from other parts of the protein are yellow. (B) Mutations of ABI3-B3 residues that make direct contacts to DNA phosphates. Experimental conditions were as in Fig. 3A. (C) Mutations of NGA1-B3 residues that in the depicted model make direct contacts to DNA phosphates. Experimental conditions were as in Fig. 3B .
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As with ABI3-B3, alanine replacements of charged residues and the conserved serine implicated in direct DNA backbone contacts (K37, S42, K46, R87, the '3rd' group) abolish specific binding (Fig. 6C ).
Discussion
DNA binding by ABI3-B3 and NGA1-B3
In the present study, we have explored the DNA-binding specificity and DNA recognition determinants of two site-specific plant B3 domains, ABI3-B3 and NGA1-B3. Employing EMSA assay we show that ABI3-B3, like other characterized LAV family B3 domains, is specific for the canonical Sph/RY DNA sequence 5 0 -TGCATG-3 0 , but shows some tolerance for changes at the 5 0 -terminal T:A base pair (Fig. 3A) . We also find that NGA1-B3 specifically binds the same DNA sequence (5 0 -CACCTG-3 0 ) as RAV1-B3 (Fig. 3B ). This could be expected given high sequence similarity between NGA1-B3 and RAV1-B3, including complete conservation of N-and C-arm sequences (Fig. 1A) . In addition, we unequivocally determine the orientation of NGA1-B3 on its asymmetric recognition sequence (Fig. 4) . Our simple experimental approach (Fig. 4A) , which relies on bulk measurements of distance-dependent fluorophore quenching, could be successfully applied to other site-specific proteins with unknown binding orientation. Noteworthy, a similar, but considerably more complex setup based on singlemolecule quantification of FRET efficiency values was recently employed to determine the preferred binding orientation of restriction endonuclease BcnI [26] . We also find that NGA1-B3 has significant tolerance for certain single base pair substitutions at the 5 0 -terminal halve of the recognition site (Fig. 3B) ; based on our data, its recognition sequence can be defined as 5 0 -(C≳A,T)(A≳C>G)(C>T>G)(C>A)TG-3 0 . This considerably broadens the range of potential DNA sequences targeted by RAV family transcription factors.
Base readout by site-specific B3 domains
The cocrystal structures of VAL1-B3 [11] and ARF1-B3 [4] , the model of DNA-bound NGA1-B3 with a defined orientation of cognate DNA, and NMR chemical shift data for RAV1-B3 residues observed upon DNA binding [13] enable detailed comparison of base readout employed by B3 domains belonging to LAV, ARF and RAV families (Fig. 5A) . Below, we discuss the base readout of VAL1-B3/ABI3-B3, NGA1-B3 and ARF1-B3; a complete list of interactions, including DNA recognition residues and available experimental evidence for RAV1-B3 and ARF5-B3, are listed in Table 2 .
#1-2 positions
LAV family B3 domains of VAL1/ABI3 recognize the 5 0 -terminal base pair via the N-arm residue I307/L584, which makes a vdW contact to the methyl group of the T1:A6 base pair (Fig. 4A) . Equivalent position in NGA1-B3 is occupied by L47, which in analogy to VAL1/ABI3 can make a vdW contact to the C1:G6 base pair (Fig. 5A) . Distinct specificities for the first base pair by VAL1/ABI3 and NGA1 domains could be due to slightly different leucine/isoleucine positions relative to the DNA. A single base-specific vdW contact is also consistent with relaxed recognition of the 1st base pair by ABI3-B3 and NGA1-B3 (Fig. 3) . Interestingly, the NGA1-B3 L47A mutant forms a specific-like high-mobility complex with the 'standard' non-cognate oligoduplex 12/12LAV. This DNA contains an Sph/RY sequence 5 0 -TGCATG-3 0 , which differs from the cognate RAV1 sequence 5 0 -CACCTG-3 0 by three underlined positions. Presumably, the L47A mutation further increases the tolerance of NGA1-B3 for substitutions within the specific site, enabling formation of a specific-like complex with the Sph/RY sequence. This view is supported by the fact that no binding is observed with an 'alternative' non-cognate DNA 12/12NSP, which contains an inverted RAV1 sequence 5 0 -GTCCAC-3 0 (Fig. 7A) . N-arm I307/L584 in VAL1/ABI3 is succeeded by G308/G585 and R309/R586, with the arginine making two H-bonds to guanine of the G2:C5 base pair (Fig. 5A) . Interestingly, the R586A mutation in ABI3-B3 reduced the amount of the specific complex, but did not abolish its formation (Fig. 5B) ; moreover, this mutant retained strict specificity for the G2:C5 base pair (Fig. 7B) , suggesting that recognition of G2:C5 by ABI3-B3 (and possibly other LAV family domains) may involve additional interactions not resolved in our model. L47 in NGA1-B3 is succeeded by two non-glycine residues N48 and R49, in theory both capable of forming base-specific H-bonds. As expected, R49 is critical for specific binding by NGA1-B3 (Fig. 5C ). We also propose that additional specificity of NGA1-B3 for the second (and possibly third) base pairs could be provided by the N48 residue. In the apo-structure of NGA1-B3 (PDB ID 5OS9, this study) and most NMR models of RAV1 (PDB ID 1WID) [13] , this asparagine points away from the DNA base-interacting surface. Nevertheless, we find that a minor change in N-arm conformation may place the N48 residue within an Hbonding distance from DNA bases (one such conformation is captured in the model depicted in Fig. 5A ). Like NGA1-B3 L47A mutant, NGA1-B3 N48A also forms a specific-like complex with the 'standard' noncognate DNA 12/12LAV (Fig. 4C ), but not with the 'alternative' non-cognate DNA 12/12 NSP (Fig. 7A) . The decreased specificity of the NGA1-B3 N48A mutant, and NMR analysis of an equivalent asparagine in RAV1 (N201, Table 2 ) are consistent with direct involvement of N-arm asparagine in base readout. Fig. 7 . DNA binding by NGA1-B3 mutants L47A, N48A, W91A and ABI3-B3 mutant R586A. (A) Experiments with NGA1-B3 mutants L47A and N48A were performed with cognate DNA 12/12RAV, standard nonspecific DNA containing 3 substitutions within the RAV1/NGA1 recognition sequence (12/12LAV, positions that deviate from the standard RAV1/NGA1 recognition sequence are shown as white letters on gray background), and alternative nonspecific DNA 12/12NSP, containing an inverted RAV1/NGA1 recognition sequence. Experiments with NGA1-B3 mutant W91A were performed with standard cognate DNA 12/12RAV and 3 DNAs containing substitutions of the C3/G4 base pair within the canonical RAV1/NGA1 sequence. DNA concentration was 1 lM, protein concentrations were 1, 2, 4 and 10 lM, and EMSA experiments were performed as in Fig. 3B . Positions of the free DNA, the specific and the nonspecific complex are marked by blue, red and yellow brackets, respectively, the numbers indicate % amount of the respective DNA forms in the highest protein concentration lane. (B) Experiments with ABI3-B3 mutant R586A were performed with cognate DNA 12/12LAV and 3 DNAs containing substitutions of the G2/C5 base pair within the canonical Sph/RY sequence. DNA concentration was 1 lM, protein concentrations were 0.5, 1, 2 and 5 lM, EMSA experiments were performed as in Fig. 3A .
A B
Relaxed recognition of two 5
0 -terminal positions of the auxin response element 5 0 -GAGACA-3 0 was recently demonstrated for ARF1 and ARF5 [4] . This agrees well with the experimental structure of ARF1-B3, in which the first and the second base pairs are approached by ARF1 N-arm residues H136/G137/ G138 (equivalent to NGA1-B3 L47/N48/R49, Fig. 5A ). While glycines 137/138 do not form any contacts to the A2:T5 base pair, H136 and nitrogen of G137 make H-bonds to the G1:C6 base pair. Presumably, alternative conformations and/or protonation states of these residues may accommodate alternative base pairs. This view is also supported by mutagenesis of equivalent ARF5 residues (Table 2) , which did not alter DNA recognition preferences of ARF5 [4] .
#3 position
ARF1 recognizes the third G3:C4 base pair via R181 (Fig. 5A) ; as expected, an alanine replacement of an equivalent residue R215 in ARF5 impaired recognition of the AuxRE sequence [4] .
Recognition of the third C3:G4 base pair is conserved among VAL1-B3/ABI3-B3 and NGA1, and involves a C-arm tryptophan (W349/627/91 in VAL1/ ABI3/NGA1) forming a vdW interaction with the N4-C4-C5-C6 edge of cytosine C3 (Fig. 5A) . Alanine replacement of this residue in ABI3-B3 abolished specific binding (Fig. 5B) . In contrast, NGA1-B3 W91A mutant retained specific binding (Fig. 5C ), but it also acquired increased tolerance for substitutions at the #3 target site position (C%T>G, Fig. 7A ). This finding, together with a significant chemical shift upon cognate DNA binding observed for the equivalent RAV1 residue W245 (Table 2 ) support direct involvement of the C-arm tryptophan in base readout [13, 23] .
#4-6 positions
VAL1-B3/ABI3-B3 recognizes the -ATG-3 0 part of the Sph/RY sequence via C-arm residues M356/M634 and N351/N629, and vdW interactions of N-arm residues S302/S579 and V311/V588 (Fig. 5A) . As expected, alanine replacements of ABI3-B3 residues V588, N629 and M634 impair specific binding (Fig. 5B) . A similar effect of the S579A mutation (Fig. 6B) , which preserves the vdW interaction, is likely due to the loss of a key DNA backbone contact (Fig. 6A, see Discussion below) .
Equivalents of ABI3-B3 S579/V588 in ARF1-B3 and NGA1-B3 are S131/S140 and S42/V51, respectively. According to the cocrystal structure of ARF1, both S131 and S140 may form vdW contacts to a thymine of the T3:A4 base pair (Fig. 5A) . Of the two NGA1-B3 residues, according to our approximate model, only the S42 makes a vdW contact to guanine in the C4:G3 base pair, while V51 is located approx. 5 A away. Nevertheless, the V51A NGA1-B3 mutant is incapable of specific DNA binding (Fig. 5C) , implying V51 plays a direct role in DNA recognition. As with ABI3-B3, the impaired specific binding by the NGA1-B3 S42A mutant (Fig. 6C) is likely due to the loss of a key DNA backbone contact (Fig. 6A, see discussion below) .
The -ACA-3 0 part of the AuxRE sequence is approached by ARF1 C-arm residues Q183, R185, R186 and P184, which make vdW contacts and Hbonds to the bases (Fig. 5A) . The key role of an equivalent proline in ARF5 was confirmed by mutagenesis (Table 2 ) [4] .
C-arm of NGA1 is shorter by two residues than in VAL1/ABI3, and lacks a methionine, which is replaced by a serine S96 (Fig. 5A) . Thus, despite the fact that the last two base pairs of NGA1 recognition sequence 5 0 -CACCTG-3 0 overlap with the 3 0 -terminus of VAL1/ ABI3 recognition sequence 5 0 -TGCATG-3 0 , NGA1-B3 must employ a different base readout mechanism. Unfortunately, due to the lack of homology in the Carm regions of VAL1/ABI3, ARF1 and NGA1, we could not model the atomic details of the -CTG-3 0 DNA sequence recognition by NGA1-B3. Nevertheless, this role must be fulfilled by the C-arm residues 92-96. Alanine replacements of only two residues (S94A and S96A) abrogated specific binding, implying a direct role for these residues in base readout (Fig. 5A,C) . Interestingly, RAV1 residues N246 and S250, equivalent to NGA1 N92 and S96, were implicated in base readout/DNA binding based on modeling [23] and NMR measurements [13] (Table 2) .
Backbone contacts of site-specific B3 domains B3 domains bind DNA in a positively charged cleft and make contacts to DNA backbone that encompass phosphates within and outside of the cognate hexanucleotide sequences (Fig. 6A) . We identify three highly conserved positions of charged and non-charged phosphate-contacting residues: (i)the a1 strand lysine (K297/574/126/190/37 in VAL1/ ABI3/ARF1/RAV1/NGA1, Fig. 1A ), which contacts the 3 0 -NNNNNpN-5 0 phosphate in the bottom DNA strand; also conserved in B3-like domains of bacterial endonucleases EcoRII (K23) [16] , UbaLAI (K27) [17] , and Arabidopsis protein At1g16640 (K11); not present in VRN1-B3 [14, 15] ; (ii)the N-arm serine (S302/579/131/195/42 in VAL1/ ABI3/ARF1/RAV1/NGA1, Fig. 1A) , which contacts the 3 0 -NNNNpNN-5 0 phosphate; also conserved in VRN1-B3 (S251), but not in At1g16640 (replaced by a glutamate E16) [18] ; (iii)the C-arm (b4 strand) arginine (R623/177/241/87) in ABI3/ARF1/RAV1/NGA1), which contacts the 5 0 -NpNNNNN-3 0 phosphate in the top strand; also conserved in VRN1-B3 (R289), At1g16640 (R53), and bacterial B3-like domains of EcoRII (R81) and BfiI (R272) [18] ; this position in VAL1-B3 contains a glutamine (Q345), but an equivalent contact is made by an adjacent R347 [11] .
Mutations of these residues in ABI3-B3 and NGA1-B3 abolished or impaired formation of the specific complex (Fig. 6B,C) . This corroborates the view proposed by Golovenko et al. [18] , which states that contacts to DNA phosphates on the opposite edges of the recognition site ('clamp phosphates') orient the recognition sequence in the binding cleft and facilitate formation of the network of site-specific base contacts.
DNA recognition by other B3 domains
Inspection of multiple sequence alignments of Arabidopsis B3 domains belonging to RAV (absolute conservation of N-arm residues, and nearly complete conservation of C-arm residues in 13 Arabidopsis RAV family B3 domains), LAV [11] and ARF families [4] reveals that N-and C-arm residues implicated in base readout are highly conserved among the respective family members, implying all group members recognize their sites via a conserved set of base and DNA backbone contacts (an apparent exception is LAV family member VAL3 [11] ). The least characterized and the most heterogeneous family of B3 domains is REM, with over 70 members in A. thaliana [2, 27] . To date, only two family members are structurally characterized (apo-structures of At1g16640 and VRN1), with nonspecific DNA binding activity demonstrated for VRN1-B3 [14, 15] . Comparison of At1g16640 and VRN1 sequences to members of the LAV/ARF/RAV families (Fig. 8 ) reveals that both REM domains have truncated C-arms (shorter by 2 aa than in ARF1/ NGA1/RAV1, and shorter by 4 aa than in VAL1/ ABI3), while At1g16640 also has a truncated N-arm (2 aa shorter than in LAV/ARF/RAV domains). Reduced length of N-and C-arms may account for the reported lack of sequence specificity of VRN1-B3 [14] ; nevertheless, the length of VRN1-B3 N-and Carms is sufficient to make contacts to 3 or 4 base pairs, corresponding to #2-4 or #2-5 base pairs of LAV/ARF/RAV hexanucleotide recognition sites. The contacted region in the case of At1g16640, due to truncated N-arm would be even shorter, but the lack of DNA binding in this case more likely is due to replacement of the conserved N-arm serine involved in DNA phosphate contacts (see above) by a glutamate E16 (Fig. 8) . Interestingly, some REM domains contain N-and C-arms that are longer than in At1g16640 and VRN1-B3 [2, 27] . It remains to be seen if some of these domains may recognize specific DNA sequences.
Experimental procedures
DNA oligonucleotides
Oligoduplex substrates used in this study are listed in Table S1 . All oligonucleotides were purchased from Metabion (Martinsried, Germany). Radioactive labeling was performed with [c- 33 P]ATP (PerkinElmer) and T4
polynucleotide kinase (Thermo Fisher Scientific, Vilnius, Lithuania). Oligoduplexes were assembled by annealing the corresponding radiolabeled and unlabeled strands.
Construction of expression vectors and sitedirected mutagenesis
The genes encoding the B3 domains of A. thaliana proteins NGA1 (UniProtKB ID O82799 residues 29-143) and ABI3 (UniProtKB ID Q01593 residues 557-677 with an N-terminal (His) 6 tag sequence MGH 6 G) with Escherichia coli-optimized codons were synthesized by Invitrogen. The gene of NGA1-B3 was inserted into the pLATE31 plasmid (Thermo Fisher Scientific); the resultant construct contained a C-terminal (His) 6 tag. The gene of ABI3-B3 with an N-terminal (His) 6 sequence was cloned into the pLATE11 plasmid (Thermo Fisher Scientific). Mutations were introduced using 'Phusion mutagenesis kit' (Thermo Fisher Scientific). Sequences of wt and mutant genes were confirmed by Sanger sequencing.
Protein expression and purification
All proteins were expressed in E. coli strain ER2566. Cells were grown in LB broth in the presence of ampicillin at 37°C. When A 600 of the cell culture reached 0.5, the incubation temperature was lowered to 16°C, 0.2 mM IPTG were added, cells incubated for~16 h at 16°C and harvested by centrifugation. Cells were sonicated in a buffer containing 20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 2 mM phenylmethylsulfonyl fluoride and 7 mM 2-mercaptoethanol. Lysates were cleared by centrifugation, and proteins were purified to > 90% homogeneity by chromatography Subsequently, small samples of Tag-free ABI3-B3 and NGA1 wt/mutant proteins that were used for EMSA experiments were generated by incubation of 0.1-0.2 mL 0.5-1.0 mg mL À1 volumes of purified proteins with 100-fold lower concentration of trypsin for 20 min at 25°C. The reactions were stopped by addition of phenylmethylsulfonyl fluoride to 2 mM final concentration, and successful trypsinolysis was confirmed by SDS/PAGE. The resultant protein samples were used for EMSA without further purification.
Removal of hexahistidine tags
Protein crystallization
Protein crystallization was performed by the sitting drop vapor diffusion method at 4°C. The NGA1-B3 protein in 20 mM Tris-HCl (pH 8.0 at 25°C), 400 mM NaCl and 0.02% NaN 3 was concentrated to 7.1 mg mL À1 ( $ 0.5 mM); 0.4 lL of protein solution was mixed with 0.2 lL of the crystallization solution (0.1 M Hepes-NaOH pH 7.5, 0.2 M K/Na tartrate; 1.6 M K/Na phosphate; 5% PEG 4000) using an 'Oryx8' robotic unit (Douglas Instruments, Hungerford, UK). Crystals appeared after 2 weeks and reached the maximum size in 6 months.
Data collection and structure determination NGA1-B3 crystals were briefly transferred into an experimentally selected cryo-buffer (0.1 M Tris-HCl, 2.1 M Namalonate pH 7.0) and flash-frozen. Diffraction data were collected at 100 K at the P14 beamline (PETRA III/DESY) on an EIGER 16M detector. Data were processed with XDS [28] , SCALA and TRUNCATE [29] . The structure was solved automatically using the molecular replacement protocol of Auto-Rickshaw pipeline [30] . Molecular replacement procedure during the Auto-Rickshaw run was performed by the MoRDa pipeline [31] and MOLREP [32] . The best template selected by MoRDa for model building was the B3 domain of ARF5 transcription factor (PDB ID 4LDU) [4] . The further Auto-Rickshaw run consisted of rigid-body refinement (CNS [33] ), density modification (PIRATE [29] ), model building (ARP/wARP [34] ) and structure refinement (REFMAC [35] and PHENIX [36] ). The obtained model was manually corrected using COOT [37] and refined using PHENIX (phenix.refine_1.10_2155) [36] . Data collection and refinement statistics, as reported by the 'Generate table for journal' utility from the PHENIX [36] package, are shown in Table 1 . Coordinates and structure factors of NGA1-B3 structure were deposited in the RCSB protein data bank under PDB ID: 5OS9.
Homology models
The model of the DNA-bound ABI3-B3 domain was built with MODELLER [38] using the VAL1-B3-DNA structure (PDB ID 6FAS, chains ACD) as the sole template. The rotamers of ABI3-B3 residues K574, K577, D580, K631 and R623 were selected such that they either make direct contacts to the DNA backbone, or occupy similar positions as in VAL1-B3.
The templates for the model of DNA-bound NGA1-B3 in MODELLER [38] were apo-NGA1-B3 (PDB ID 5OS9 chain A), ARF1-B3-DNA (PDB ID 4LDX, chains ACD or chain A), and VAL1-B3-DNA (PDB ID 6FAS, chain A or chains ACD). Since the DNA conformation in complexes with ARF1-B3 and VAL1-B3 is almost undistorted B-form [11] , the specifically recognized hexanucleotide in both templates was simply mutated into the RAV1 sequence (5 0 -CACCTG-3 0 ) matching the experimentally determined NGA1-B3 binding orientation using the 'mutate_bases' function of the '3DNA' package [39] , and directly copied into the models. To enable alternative folding of the N-arm and C-arm loops, in some MODELLER runs these loops were removed from the templates. For example, the NGA1-B3-DNA model used for visualization was generated using the following templates: VAL1-B3 lacking residues A304-G308 and P350-M356; apo-NGA1-B3 lacking residues V44-N48 and N92-S96; and an intact ARF1-B3-DNA complex with a mutated DNA sequence. The rotamers of the presumed backbone-contacting NGA1-B3 residues (K37, K46, R87, K101 and S104) were selected such that their side chains make direct contacts to DNA backbone phosphates.
Structure and sequence analysis
Protein structures were overlaid using Multiprot [40] . Structure-based sequence alignments were generated using the Staccato algorithm [41] and ESPRIPT [42] , phylogenetic tree of protein sequences was generated using phylogeny.fr [43] . All images of protein structures were generated using PYMOL (The PyMOL Molecular Graphics System, Version 1.7 Schr€ odinger, LLC). Electrostatic potential surfaces of proteins were generated using the 'APBS Tools' plugin in PyMOL.
Protein labeling and fluorescence measurements
A 0.1 mL 300 lM sample of a protein mutant (ABI3-B3 variants C663S-T596C or C663S-T646C, NGA1-B3 variants C123S-K108C or C123S-R59C) was transferred into the labeling buffer (0.1 M NaCl, 0.1 M Na-phosphate, pH 7.0) using a NAP-5 desalting column (GE Healthcare). The resultant protein sample (0.5 mL, 60 lM) was mixed with 1 lL of 20 mM Alexa Fluor 488 maleimide derivative dissolved in DMSO and incubated for 1 h at room temperature. The protein sample was then diluted with 2 mL of buffer containing 10 mM Tris-HCl (pH 8.0) and 15 mM NaCl, loaded on a HiTrap Heparin HP column, eluted using a NaCl gradient and dialyzed against the storage buffer as described above. The protein labeling efficiencies, as calculated from A 280 and A 495 measurements were approximately 80% for the ABI3-B3(C663S-T596C), approx. 50% for the ABI3-B3(C663S-T646C), and approx. 60% for the NGA1-B3(C123S-K108C) proteins. The NGA1-B3(C123S-R59C) protein precipitated upon labeling and could not be purified. Fluorescence measurements were performed at 25°C using a Fluoromax-3 fluorimeter. Excitation wavelength was 495 nm (2 nm slit), and emission wavelength was 519 nm (4 nm slit). The samples (total volume 160 lL) contained 100 nM labeled protein with 200 nM of either unmodified 18 bp DNA, or 18 bp DNA variants carrying 5 0 -BHQ-2 or 3 0 -BHQ-2 modifications (Table S1 ) in the Measurement Buffer (50 mM KCl, 10 mM MES-KOH, pH 6.0 at 25°C).
Electrophoretic mobility shift assay . The running buffer in the case of NGA1-B3 was also supplemented with 5 mM calcium acetate. Low power consumption during electrophoresis runs (approx. 2 W or 110 V 9~18 mA using the standard buffer, and approx. 2.6 W or 110V 9~24 mA using the buffer supplemented with calcium acetate per electrophoretic unit containing two gels and 1 liter of electrophoretic buffer) ensured that the gels remained at room temperature (~22°C), well below the melting temperature of 12 bp duplexes used in the assay, > 40°C. Radiolabeled DNA and protein Á DNA complexes were detected using the Cyclone phosphorimager and the OPTIQUANT software (Packard Instrument).
SA competition experiments
EMElectrophoretic mobility shift assay samples contained 2 lM protein (WT ABI3-B3 or WT NGA1-B3 without hexahistidine tags), 1 lM radiolabeled 12/12LAV (with ABI3-B3) or 12/12RAV (with NGA1-B3) DNA, and variable amounts (final concentrations up to 20.0 lM) of unlabeled competitor 12/12LAV or 12/12RAV DNA. Electrophoresis was run as described above. The amounts of the radiolabeled specific protein-DNA complexes (i.e. the complex with the respective cognate 12 bp DNA) at different competitor concentrations were determined by densitometric analysis of phosphorimager images of EMSA gels. Competition data, which is described by two equilibria, (Protein) + (labeled cognate DNA) <=K D (cognate)=> (labeled complex), and (Protein) + (unlabeled competitor) <=K D (competitor) => (unlabeled complex), were analyzed as described in ref. [11] . All experiments were performed in triplicate, the nonlinear regression results to combined data are reported as the optimal parameters K D (cognate) and K D (competitor) (in lM) AE 1 standard error as reported by the KYPLOT (v. 2.0 beta 14) software [44] used for nonlinear regression. We note that the dissociation constant K D (cognate) for the labeled cognate DNAÁprotein interaction (4.8 AE 0.3 lM for ABI3-B3, and 1.5 AE 0.1 lM for NGA1-B3) is not equal to the K D (-competitor) value determined in the same experiment for the identical cognate competitor DNA (the differences are 1.5-to 2-fold, Fig. 2B,D) . Most likely these discrepancies arise due to slight variations in actual concentrations of the active protein, and to partial dissociation of the protein Á DNA complex during the electrophoretic runs (the latter may reduce the amount of cognate complex in the absence of the competitor, and consequently increase the observed K D (cognate) value).
